[1] Shear-wave splitting observations at several subduction systems show trench-parallel fast directions in the fore-arc mantle. The presence of B-type olivine fabric in the mantle wedge may provide an explanation for this pattern of anisotropy under low-temperature and hydrated conditions. Sensitivity tests are shown that provide insights into the distribution and magnitude of B-type fabric using two-dimensional, highresolution, kinematic-dynamic subduction zone models. These models include a wet olivine rheology and a simulated aseismic creep zone in the fore-arc mantle with parameterized viscous coupling between the slab and mantle wedge. The calculated thermal structure is in reasonable agreement with heat flow observations and Q tomography for small amounts of coupling and moderate amounts of shear heating in the seismogenic and aseismic creep zones. These small amounts of viscous coupling give rise to a slowly flowing fore-arc mantle with thermal, stress, and strain conditions suitable for significant B-type fabric development. The minimum shear stress necessary to drive geologically significant flow in the predicted B-type region is sensitive to the magnitude of shear heating along the aseismic creep zone and ranges from less than 100 to 300 MPa. The minimum time required to generate sufficient finite strain for fabric development in the B-type region is around 10 Myr depending on the amount of coupling and shear heating. The predicted distribution of olivine fabric is consistent with a pattern of shear wave anisotropy with trench-parallel fast polarization directions above the fore arc and a rapid rotation to trench-perpendicular in the arc and back arc.
Introduction
[2] Trench-parallel shear-wave splitting is observed close to the trench in many subduction systems with suborthogonal convergence [Smith et al., 2001; Nakajima and Hasegawa, 2004; Anderson et al., 2004; Long and van der Hilst, 2005; Nakajima et al., 2006] . Several subduction systems also show a rotation to trench-perpendicular fast directions in the arc and back arc [Polet et al., 2000; Nakajima and Hasegawa, 2004; Long and van der Hilst, 2005; Nakajima et al., 2006] . This pattern of anisotropy is not explained by a model with two-dimensional (2-D) slab-driven flow and the most commonly observed olivine fabric, which produces a pattern of shear-wave splitting with fast vibration directions parallel to the flow direction. Recent experiments [Jung and Karato, 2001 ; I. Katayama and S. Karato, The effect of water on low temperature rheology of olivine, submitted to Journal of Geophysical Research, 2007, hereinafter referred to as Katayama and Karato, submitted manuscript, 2007] show that at low temperatures and hydrated conditions the seismically fast directions of olivine crystals align subperpendicular to the shear direction and in the shear plane. This so-called B-type olivine fabric may explain trench-parallel shear-wave splitting with simple 2-D slab-induced cornerflow close to the trench where temperatures are low and stress may be relatively high [Jung and Karato, 2001; Karato, 2003] ( Figure 1 ). The B-type fabric anisotropy hypothesis provides an explanation for trench-parallel shear-wave splitting without invoking relatively complex 3-D flow processes in the cold viscous nose of the mantle wedge.
[3] In previous work we predicted the distribution of Btype fabric with non-Newtonian thermal and stress models of subduction zones [Kneller et al., 2005] . The main conclusion of this work was that the fore-arc mantle is the best candidate for large volumes of peridotite with a dominance of B-type fabric over other fabrics (e.g., A-, C-, or E-type [Katayama et al., 2004] ) (Figure 1) . Kneller et al. [2005] implemented an ad hoc low-temperature creep law that did not include temperature dependence. In this work we improve the rheology of Kneller et al. [2005] by implementing an experimentally based low-temperature exponential creep law (Katayama and Karato, submitted manuscript, 2007) . Other improvements included in the present work are finite strain calculations in the predicted B-type region and the addition of viscous dissipation in the heat equation. Finally, the distribution of fabric is predicted with a newly formulated theoretical model of olivine fabric transitions that is based on experiments and constrained by natural observations . These improvements allow more realistic quantification of the distribution and magnitude of B-type fabric and the magnitude of shear stress necessary to drive geologically significant deformation in the predicted B-type region.
Viscous Coupling and the Thermal State of the Fore-Arc Mantle
[4] A variety of observations suggest that temperatures in the fore-arc mantle are low relative to the arc and back-arc mantle. Examples include high seismic velocity [Zhao et al., 1995; Tsumura et al., 2000; Nakajima and Hasegawa, 2004] , low attenuation [Sacks, 1984; Takanami et al., 2000; Stachnik et al., 2004] , and low surface heat flow [Furukawa and Uyeda, 1989; Von Herzen et al., 2001; Okubo et al., 2005] . Several workers have investigated the role of reduced viscous coupling between the slab and mantle wedge in producing this cold nose of the mantle wedge [Furukawa, 1993; Conder, 2005; Kneller et al., 2005] . These studies show that when a temperature-dependent rheology is implemented, the slab and fore-arc mantle must be decoupled down to a depth ranging from 70 to 100 km in order to produce a thermal structure that agrees with heat flow observation and seismic attenuation.
[5] A variety of approaches have be used to decouple the slab and fore-arc mantle in viscous flow models: (1) the implementation of a free-slip boundary condition along the surface of the slab [Furukawa, 1993] , (2) locking computational nodes above the slab where brittle processes are predicted to dominate deformation [Conder, 2005] , (3) reducing viscosity in the slab-wedge interface [Billen and Gurnis, 2001] , and (4) reducing the magnitude of the velocity boundary condition [Kneller et al., 2005] . Decoupling may be caused by aseismic creep down-dip of the seismogenic zone. With this scenario, deformation is dominated by brittle processes and shear stress exerted by the subducting slab may induce a small component of longtimescale viscous flow. Evidence for aseismic creep comes from periodic slow events and persistent tremor down-dip of the seismogenic zone [Miller et al., 2001; Obara, 2002; Rogers and Dragert, 2003] . Another possibility is where decoupling is caused by shear localization associated with the presence of weak minerals such as serpentine and talc [Peacock and Hyndman, 1999; Hyndman and Peacock, 2003] . The effect of both a layer of weak minerals and brittle fault is to localize deformation close to the slabwedge interface. Both of these mechanisms of decoupling give rise to slower particle motion in the mantle wedge relative to a fully coupled case (Figure 2 ).
[6] Modeling these decoupling processes in a self-consistent manner is difficult and requires better experimental constraints. However, we can simulate the effect of both processes with a parameterized velocity boundary condition (Figures 2 and 3 ). This is accomplished by reducing the magnitude of the velocity boundary condition (V red ) at the surface of the slab to a small percentage of the convergence velocity (V slab ) [Kneller et al., 2005] (Figure 3 ). The parameter V red is a proxy for viscous coupling in the partially decoupled zone. We denote the amount of coupling in with f, which is defined as
[7] The partially coupled zone is prescribed down to a depth denoted by D. V red is ramped up in a linear manner over 15 km to V slab at D. This transition from partial to full Kneller et al. [2005] . Conditions suitable for B-type fabric are predicted in the fore-arc mantle where high seismic quality (Q) and seismic velocity and low surface heat flow suggest low temperatures. A rapid transition is also predicted across the volcanic front from trench-parallel fast directions in the cold fore-arc mantle to trench-perpendicular in the hot arc and back-arc mantle.
viscous coupling denotes either the brittle-to-ductile transition or the transition to stronger boundary layer materials. The maximum value of D is constrained by the location of the volcanic arc below which hot mantle material must be supplied in order to sustain temperatures sufficient for flux melting. This maximum depth ranges from 70 to 170 km with an average of around 105 km [England et al., 2004; Syracuse and Abers, 2006] .
Modeling Approach

Thermal and Fluid Dynamic Models
[8] We implement a kinematic dynamic approach where the slab and overriding plate are kinematically described and the equations governing fluid flow are solved only in the mantle wedge [Davies and Stevenson, 1992; Peacock and Wang, 1999; van Keken et al., 2002; Kneller et al., 2005] (Figure 3 ). Fluid flow in the mantle wedge is driven by the slab and governed by the conservation of momentum and mass for an incompressible infinite Prandtl number fluid without body forces. The conservation of momentum is expressed as
where _ is the strain rate tensor, h is effective viscosity, and P is dynamic pressure. The conservation of mass is expressed as
where u is velocity. No-slip boundary conditions are applied along the base of the overriding plate and surface of the slab. As discussed above, the magnitude of the velocity boundary condition along the surface of the slab is variable. The direction of velocity boundary condition is parallel to the surface of the slab. Velocity at the base of the overriding plate is set equal to zero. A stress-free (i.e., zero normal stress) inflow-outflow boundary condition is implemented along the right-hand boundary of the mantle wedge ( Figure 3 ). The nonlinear exponential stress dependence of h in equation (2) requires a special iterative procedure, which is described in Appendix A. A viscosity maximum of 10
28
Pa is used in the models presented in this study.
[9] The conservation of energy takes the form of the steady-state advection-diffusion equation
Figure 2. Different types of decoupling in a viscous fluid undergoing simple shear between two plates. The upper plate moves to the right with velocity u px while the bottom plate is stationary. Several types of coupling are shown: (a) a case with full coupling, (b) partial coupling caused by localized cold temperatures and brittle deformation between the fluid and upper plate (e.g., aseismic creep zone), and (c) partial coupling associated with a layer of relatively weak material (e.g., serpentinite) and shear localization. At the cold slab-wedge interface both brittle deformation and the formation of weak minerals may occur giving rise to both types of decoupling ( Figure s 2b and 2c ). Note that the net effect of both types of decoupling is to reduce the velocity magnitude in the core of the fluid. We simulate decoupling by reducing the magnitude of the velocity boundary condition at the slab-wedge interface.
where k is thermal conductivity, T is temperature, c p is specific heat, r is density, q rad is radiogenic heat production in the crust, q dissi is viscous dissipation in the viscous mantle wedge, and q fault is frictional shear heating associated with fault slip in the seismogenic and aseismic creep zones. In the slab the magnitude of u in equation (4) is set equal to the convergence velocity at the trench. The direction of u is parallel to the surface of the slab. The magnitude of u in the overriding plate is zero.
[10] Viscous dissipation is defined as
where _ is the second invariant of the strain rate tensor and s is the second invariant of the stress tensor. s is obtained by solving the following nonlinear equation at every computational node:
where h is a composite law described in the next section and _ is obtained from derivatives of the velocity field. Note that h is a function of _ which gives rise to the nonlinearity. Viscous dissipation is calculated after each steady-state iteration using _ calculated with an updated velocity field. A more complete description of this iterative procedure can be found in Appendix A.
[11] The viscous flow models presented in this work do not include short-timescale brittle discontinuous processes. Heating associated with fault slip in the seismogenic and aseismic creep zones cannot be modeled self-consistently. We explore the effects of frictional heating with a delta function heat source
where q fault,mag is the magnitude of shear heating, x interface is the position of the shear heating zone and d has the dimensions m À1 [van Keken et al., 2002] . The magnitude of shear heating q fault,mag varies with depth down to 70 km as described by
where S is the shear heating gradient (mW/m 2 /km) and z is depth (in kilometers). Below 70 km, q fault,mag decreases in a linear manner to 0 at a depth of 100 km. Shear heating is set equal to zero below 100 km. The magnitude of shear heating is related to frictional shear stress acting on a fault as follows
where t is shear stress and V is the relative velocity across the fault plane. This expression leads to the following relationship between S and the effective coefficient of friction c fric :
where r is density and g is gravitational acceleration. We use a maximum value of S equal to 5, which corresponds to c fric = 0.053 for the convergence velocity used in this study (V = 9.1 cm/yr). This maximum value of c fric is consistent with estimates based on stress models for the Japan subduction system [Wang and Suyehiro, 1999] .
[12] The finite element package SEPRAN [Cuvelier et al., 1986 ] is used to obtain numerical solutions of governing equations and for mesh generation. The model domain is discretized into linear triangles with a resolution that ranges from 0.5 to 1 km (Figure 3 ). For the solution of equations (2) and (3) we use linear Taylor-Hood triangles [Cuvelier et al., 1986] . For the solution of equation (4) we use the streamline upwind Petrov-Galerkin method [van Keken et al., 2002] . The resulting systems of equations are solved using the Bi-CGStab iterative method [van der Vorst, 1992] .
Finite Strain
[13] Finite strain is calculated in 30,000 particles using the velocity field obtained by solving equations (2)-(4). This velocity field is interpolated onto a uniform grid composed of quadratic elements with 1 km resolution. The direction and magnitude of maximum and minimum principle stretch axes of finite strain ellipses are obtained by numerically solving the following equation using a fourthorder Runge Kutta scheme:
where L is the velocity gradient tensor and and F is the deformation gradient tensor [McKenzie, 1979; Spencer, 1980] . The velocity gradient tensor is defined as where v x and v y are velocity components in the x and y directions, respectively. The deformation gradient tensor is defined as
where s x and s y are components of displacement in the x and y directions. The tensor F relates a particles postdeformational position (x f , y f ) to its initial position (x o , y o ) excluding rigid translation. In order to calculate finite strain, F must be related to the left Cauchy-Green tensor B
[14] The eigenvectors of B are the principle stretch directions. The magnitudes of the principle stretch axes of the finite strain ellipse are equal to the square roots of the eigenvalues of B [Spencer, 1980] . Particles are traced throughout the entire mantle wedge and have an initial spacing of 1 km. Particles that are transported outside of the model domain are reinjected at the inflow boundary and have finite strain set equal to zero.
Rheological Model
[15] We are primarily concerned with deformation in the shallow mantle wedge where temperatures are low, conditions are most likely wet, and olivine is assumed to be the dominant mineral species. Therefore we implement an olivine rheology with experimentally based wet laws for exponential creep, power-law creep, and diffusion creep. In the following rheological equations symbols for a particular creep mechanism, denoted by subscript mech, have the following meaning: _ mech is strain rate, A mech is a preexponential constant, E mech is activation energy, and V mech is activation volume. Rheological parameters are shown in Table 1 . Temperature, lithostatic pressure, and shear stress are denoted by T, P, and s, respectively.
[16] The wet exponential creep law (Katayama and Karato, submitted manuscript, 2007) takes the following form:
where s p is Peierls stress and p and q are constants. Equation (15) takes both forward (first exponential term) and backward motion (second exponential term) of dislocations into account (Katayama and Karato, submitted manuscript, 2007) . Forward motion dominates at high-stress conditions, whereas backward motion becomes important at low shear stress. The wet power-law creep equation [Karato, 2003 ] is defined as
where n is the stress exponent. Finally, wet diffusion creep [Mei and Kohlstedt, 2000a ] is defined by
where d is grain size and m is the grain size exponent.
[17] Parameters for (15) ( Table 1) are from recent wet deformation experiments on olivine aggregates performed at relatively low temperatures (1000-1100°C) and high strain rates (Katayama and Karato, submitted manuscript, 2007) . These experiments show that water saturated conditions cause a reduction of s p by a factor of two to three and a significant decrease in strength at low temperatures. Rheological parameters for equations (15) and (16) were obtained from experiments performed at pressures ranging from 1 to 2 GPa, values that are close to pressures within the fore-arc and arc mantle [Karato, 2003; Katayama and Karato, submitted manuscript, 2007] . The wet rheological laws are defined for a fixed water fugacity equal to 12,097 MPa, which corresponds to T = 1000°C, P = 2 GPa, and a concentration of hydrogen point defects of approximately 1000 ppm H/Si. These conditions may be representative of those found in the fore-arc and arc mantle of subduction zones. A deformation mechanism map for the wet olivine rheology implemented in this study is shown in Figure 4 . We use a simplified rheological description where the effects of dynamic recrystallization are not taken into account and a constant grain size of 1 mm is used.
[18] Deformation is accommodated by the motion of dislocations with both exponential and power-law creep.
The motion of dislocations is primarily controlled by dislocation glide with exponential creep and climb with power-law creep. If deformation occurs primarily by dislocation processes, the rheological law will either take the form of exponential or power-law creep (Katayama and Karato, submitted manuscript, 2007) . This is implemented with the following equation
where _ disloc is strain rate associated with dislocation processes, _ power is strain rate of power-law creep, and _ expo is strain rate of exponential creep. Dislocation and diffusion processes occur in parallel
where _ tot is the total strain rate. The effective viscosity in (2) is described by a composite law defined by
which can be expressed as a geometric mean
where [Katayama and Karato, 2006a] for the wet olivine rheology implemented in the viscous flow models presented in this work. The B-C transition used in the models presented in this work is denoted with a dashed line [Katayama and Karato, 2006b] .
Olivine Fabric Model
[19] Most olivine fabric types observed in nature and the laboratory produce a pattern of shear-wave splitting with a fast polarization direction that aligns parallel to flow direction [Jung and Karato, 2001] . The dry endmember of this group, A-type, is associated with slip on [100](010) and is the most commonly observed variety. The wet end-member, C-type, involves slip on [001](100) and has been observed at convergent tectonic settings [Mockel, 1969; Katayama et al., 2005] . B-type fabric is associated with slip on [001](010). This fabric is of interest because it produces a pattern of shear-wave splitting with a fast polarization direction that aligns perpendicular to the flow direction. B-type fabric has been observed in the laboratory under hydrated conditions at high shear stress [Jung and Karato, 2001; Katayama and Karato, 2006; Katayama and Karato, submitted manuscript, 2007] . B-type fabric has also been observed in the Higashi Akaishi peridotite body, Japan [Mizukami et al., 2004] , and Almklovdalen massif, Norway [Cordellier et al., 1981] . In accordance with the wet (1000 ppm H/Si) rheological law implemented in this work, fabric type is assumed to be either B-or C-type.
[20] The transition from C-to B-type fabric is associated with a transition from easy slip on [001](100) to [001](010) . Theoretical considerations show that exponential rheological laws for these slip systems can be set equal to each other to derive an equation describing the fabric transition in terms of shear stress and temperature . This theory shows that the transition from B-to C-type and other fabrics is approximately linear with a positive slope of stress verses temperature (Figures 4  and 5) . The theoretical B-C boundary is constrained by experiments [Jung and Karato, 2001; Katayama and Karato, submitted manuscript, 2007] and natural observations of B-and C-type fabrics [Frese et al., 2003; Mizukami et al., 2004; Katayama et al., 2005; Skemer et al., 2006] (Figure 5 ). Extrapolation from experimental to mantle conditions using this linear transition shows that the transition temperature between B-and C-type fabric is around 650-800°C depending on rheological parameters (Katayama and Karato, submitted manuscript, 2007) . According to Katayama and Karato [2006] , the transition conditions between the B-and C-type fabrics can be expressed as
where T trans is the transition temperature, s trans is the transition stress, subscript c denotes the C-type slip system, subscript b denotes the B-type slip system, H is activation energy, s p is Peierls stress, R is the gas constant, and A, p, and q are constants. The effects of pressure are small in the pressure range of the fore-arc and arc mantle (<4 GPa). The specific values of parameters are not well constrained but the uncertainties in these values do not significantly change the conditions for the fabric transition (see Figure 5) . In the present calculation we use the following values: log A 1 A 2 = 5.81, H 1 = 543 kJ/mol, H 2 = 493 kJ/mol, s p1 = 4480 MPa, s p2 = 3120 MPa, p = 1, and q = 2. This set of parameters gives rise to a B-C transition denoted by the dashed curve in Figure 4 and thick black curve in Figure 5 .
[21] The criteria for fabric development used in the models presented in this work also requires the dominance of either power-law or exponential creep over diffusion creep and the accumulation of sufficient finite strain. We define the magnitude of finite strain (z) as log( a b ), where a is the magnitude of the maximum stretch axis and b is the magnitude of the minimum stretch axis. Experiments and theoretical calculations suggest that z must be around 0.3 to generate a seismologically significant fabric [Ribe, 1992; Zhang et al., 2000; Lassak et al., 2006] . Finite strain is built up by both shear and longitudinal elongation. The former will primarily contribute to the formation of the B-type fabric. On the basis of the instantaneous velocity gradients we predict that a significant amount (but not all) of the finite strain is caused by shear, and we [Katayama and Karato, 2006b] . Natural samples come from Otroy island, Norway (OT) [Katayama et al., 2005] , Higashi-Akaishi-Yama, Japan (HA) [Mizukami et al., 2004] , and Cima di Gagnone, central Alps (CDG) [Frese et al., 2003; Skemer et al., 2006] . The curves denote theoretical B-C transitions for different rheological parameters [Katayama and Karato, 2006b ]. The thick black curve denotes the B-C transition used in this study.
will use the finite strain directions and magnitudes as indicative of B-type fabric.
Results
Fluid Dynamic and Thermal Calculations
[22] Shear-wave splitting observations at the Honshu subduction system show trench-parallel fast polarization above the fore arc and an abrupt rotation to trench-perpendicular above the back arc [Nakajima and Hasegawa, 2004] . This transition in polarization direction is accompanied by a transition from large seismic velocity (low temperature) in the fore-arc mantle to relatively low seismic velocity in the arc and back-arc mantle (high temperature) [Nakajima and Hasegawa, 2004] . Furthermore, three-dimensional flow is unlikely in this system because convergence is orthogonal to suborthogonal. These observations are consistent with the B-type fabric hypothesis suggesting that the pattern of shear-wave splitting is controlled by a transition from Bto C-type fabric across the volcanic arc. We explore the sensitivity of the distribution and magnitude of B-type fabric to important parameters using a model of the Honshu subduction system (Figure 3) .
[23] Subduction zone geometry is almost identical to Peacock and Hyndman [1999] and van Keken et al. [2002] except that the slab surface is defined by a thirdorder polynomial (Figure 3 ). Convergence velocity is set equal to 9.1 cm/yr and the age of incoming lithosphere is 130 Myr. Conductivity k is equal to 2.5 W/m/K in a 40 km thick overriding plate and 3.1 W/m/K in the slab and mantle wedge. We set specific heat equal to 1250 J/kg/K and density equal to 3300 kg/m 3 . Radiogenic heat production q rad in the overriding plate is 1.3 mW/m 3 from 0 to 15 km (upper crust) and 0.27 mW/m 3 from 15 to 30 km (lower crust).
[24] Thermal structure, shear stress required to drive geologically significant deformation, and B-type conditions are primarily controlled by three parameters: (1) the depth of the transition from partial to full viscous coupling D, (2) the magnitude of the velocity boundary condition along the aseismic creep zone, which controls the amount of viscous accommodation f, and (3) the magnitude of shear heating gradient S. We begin by showing model results with end-member values for D and intermediate f.
[25] Figure 6 shows a case with D = 70 km, f = 2%, and no shear heating. Thermal (Figure 6e ) and stress conditions (Figure 6d ) are suitable for B-type fabric (Figure 6a ) in the fore-arc mantle extending 100 km from the corner point. The boundary between B-and C-type fabric is approximately vertical and the maximum vertical thickness of the B-type region is 30 km. In the B-type region, particle velocity is low (10 À1 to 10 À2 cm/yr (Figure 6c ) while velocity gradients are relatively high and deformation occurs at a geologically significant rate (10 À16 to 10 À15 s À1 ) (Figure 6b ). Particle velocity in the hot core of the mantle wedge is one to two orders of magnitude larger and deformation occurs at a rate of 10 À14 s À1 (Figure 6b) . A very similar pattern of flow and strain rate occurs when D is increased to 100 km (Figures 7b and 7c) . With this second case, the B-C boundary shifts toward the back arc and the maximum thickness of the B-type region increases to 60 km (Figures 7a). Figures 7a and 7e show that deep decoupling depresses isotherms which gives rise to a thin layer with Btype conditions at the base of the overriding plate in the back arc (Figures 7a and 7e) .
[26] As the magnitude of f increases, thermal erosion and the focusing of flow, which are consequences of the temperature dependence of viscosity, increase the amount of advection into the fore-arc mantle. Figure 8 shows a case with D = 100 km and f = 9%. With this case, the hot tongue of corner flow penetrates the fore-arc mantle (Figure 8e ) and limits the B-type region to a 20-25 km thick layer parallel to the surface of the slab (Figure 8a ). With larger f, temperature systematically increases, which causes a reduction of viscous shear stress and a decrease in the volume with conditions suitable for B-type fabric.
[27] When f ranges from 1 to 5%, a cold fore-arc mantle develops with B-type conditions, slow flow, and geologically significant deformation. These values of f correspond to reduced velocity boundary conditions ranging from approximately 0.1 to 0.45 cm/yr. With smaller magnitudes of f, the rate of deformation is too low to produce a seismologically significant fabric. Larger magnitudes of f limit B-type fabric to a small region of the fore-arc mantle. Constraints on the maximum possible value of f come from the distribution of arc magmatism, heat flow measurements, and seismic attenuation.
[28] We compare measured heat flow from the Honshu subduction system [Furukawa and Uyeda, 1989 ] to calculated surface heat flow for cases with D = 70 km, D = 100 km, and a range of f (Figures 9a and 9b) . We are primarily interested in fore-arc heat flow. Arc heat flow is affected by magma advection, which is not included in the models presented in this study. With both cases (Figures 9a and 9b) , calculated heat flow falls within the range of fore-arc observations when f is less then 5%. Thus heat flow observations are consistent with a cold slowly flowing fore-arc mantle with thermal and stress conditions suitable for B-type fabric.
[29] When f exceeds 10%, temperature in the fore-arc mantle reaches the solidus of water saturated peridotite (1000-1100°C) [Ulmer, 2001] . The lack of fore-arc magmatism suggests that f is lower than this value. Smaller amounts of partial coupling (f < 9%) are also necessary to produce the pattern of attenuation from the tomographic models of Takanami et al. [2000] and Stachnik et al. [2004] . This pattern involves an abrupt transition in attenuation at the interface between the fore-arc and arc mantle.
[30] This first set of models shows that for the assumed olivine rheology, a small amount of viscous coupling between the slab and fore-arc mantle is necessary to produce steady-state thermal structures that show reasonable agreement with heat flow data, the distribution of arc magmatism, and seismic attenuation. A small amount of viscous coupling is also necessary to produce large volumes of peridotite in the fore-arc mantle with thermal and stress conditions suitable for B-type fabric.
[31] The previous models included viscous dissipation in the deforming wedge. The magnitude of viscous dissipation ranges from 1 mW/m 3 in the shear zone next to the slab to 0.1 mW/m 3 in the core of the cold fore-arc mantle. Viscous dissipation is low (<10 À2 mW/m 3 ) in the core of the hot wedge and has a negligible effect on thermal structure. The additions of viscous dissipation causes an increases in temperature of around 100-150°C in the core of the forearc mantle, which produces a decrease in viscous shear stress of around 100 MPa.
[32] As described in section 3.1, we cannot model shear heating associated with fault slip in a completely selfconsistent manner. However, the importance of shear heating can be investigated by adding a heat production term (see section 3.1). Figure 10 shows a case with D = 100 km, f = 2%, and S = 5 mW/m 2 /km (c fric = 0.053). The addition of shear heating does not significantly affect the distribution of fabric type (Figure 10a ) but does causes a localization of deformation closer to the B-C boundary (Figure 10b) . Furthermore, the addition of shear heating significantly reduces the shear stress necessary to drive significant deformation in the B-type region to values that range from less than 100 to 300 MPa (Figure 10d ). This is a significant decrease from the shear stress associated with the previous cases (600 -800 MPa) (Figures 6d, 7d, and 8d) . Shear heating gradients ranging from 3 to 5 mW/m 2 /km produce a magnitude of heat flow that falls within the scatter of observations from the fore arc (Figure 9c ).
[33] It is important to note that P-T conditions in our models are inconsistent with geothermometry and barometry based on mantle-melt equilibrium [Kelemen et al., 2003] , which suggests temperatures as high as 1300°C at the base of the arc crust. This discrepancy may be due to the lack of magma transport in our models. Buoyancy driven advection could also locally elevate isotherms beneath arcs and may be associated with small-scale convection induced by hydrogen point defects or melt [Arcay et al., 2005] . These local advective processes would have only a limited effect on fore-arc thermal structure and be consistent with the abrupt spike in heat flow observed at the volcanic front of subduction zones [Furukawa and Uyeda, 1989; Currie et al., 2004] (Figure 9 ).
[34] P-T estimates based on mantle-melt equilibrium [Kelemen et al., 2003] may only provide constraints on local conditions beneath volcanic centers. Volcanism is not a continuous phenomena and thus such estimates may not apply to the entire mantle wedge. For example, the tomographic models of Japan suggest that volcanic centers are associated with buoyant tongues of locally hot mantle [Tamura et al., 2002] . We also note that the Ryukyu subduction system, where widespread trench-parallel shear wave splitting has been observed [Long and van der Hilst, 2005] , has large gaps in active volcanism suggesting that temperatures may be relatively low in parts of the mantle wedge.
Finite Strain Calculations
[35] Finite strain is calculated only in particles within the region where thermal and stress conditions are suitable for B-type fabric. This region is confined to the fore-arc mantle where particle velocity is one to two orders of magnitude lower than particle velocity in the rapidly convecting core of the wedge (Figures 6c, 7c, 8c, and 10c ). Here we show finite strain accumulation in the B-type region for cases with variable partial coupling and shear heating (Figures 11 -14) .
[36] For the first case (f = 1%, Figure 11 ), sufficient finite strain (z = 0.3) develops in the core of the fore-arc mantle after 150 Myr. The period of time necessary to develop sufficient strain in the B-type region is reduced to around 13 Myr with f = 3% (Figure 13 ). Cases 1 to 3 (Figures 11 -13) show results for a range of f that produces ideal conditions for B-type fabric development. The volume of B-type conditions systematically decreases with larger values of f. When f is below 1%, sufficient strain accumulation requires a duration of time that exceeds the age of the Honshu subduction system (150 Myr) [Jarrard, 1986] . With cases 1 to 3, particles slowly flow into the B-type region and accumulate a magnitude of finite strain greater than 0.3 over a distance ranging from 10 to 20 km.
[37] The addition of shear heating localizes strain closer to the B-C boundary and reduces the total volume of material in the fore-arc mantle with B-type conditions and sufficient finite strain accumulation (Figure 14) . However, the local increase in strain rate associated with shear heating reduces the time required to generate sufficient strain in the core of the fore-arc (compare Figures 12 and 14) .
Fore-Arc Serpentinization
[38] Temperatures are below the antigorite stability temperature (650 -700°C) [Ulmer and Trommsdorff, 1995; Bromiley and Pawley, 2003; Komabayashi et al., 2005] throughout large regions of the fore-arc mantle for several models presented in this work. This may imply that olivine deformation is inhibited in these parts of the fore-arc mantle and the lack of B-type fabric. However, other requirements must be met in order to extensively serpentinized peridotite in the fore-arc mantle: (1) significant amounts of chemically bound water must be released from the subducting slab (serpentine has 13 wt% H 2 O), and (2) water must be transported throughout the fore-arc mantle. Estimates of the amount of water released by the slab indeed suggest that enough water may be released by the slab to completely serpentinize the cold nose in less than 10 Ma [Schmidt and Poli, 1998; Hyndman and Peacock, 2003] . However, the mechanism of transport in the fore-arc mantle is poorly understood [Hyndman and Peacock, 2003] . Water may only work its way into the wedge via fractures, which would produce heterogeneous serpentinization [Hyndman and Peacock, 2003] . It is also possible that serpentinization occurs in a relatively thin layer above the slab, the effects of which are simulated in our models with a reduced boundary condition. Moreover, extensive serpentinization in the fore-arc mantle may be dynamically unstable due to the associated reduction in density and strength. If serpentinization is only a local phenomenon concentrated along fractures, then it may not have a significant effect on bulk rheology. This will strongly depend on the interconnection of serpentine veins in the fore-arc mantle, which is unknown.
[39] Hyndman and Peacock [2003] argued for extensive fore-arc serpentinization based on the relatively low seismic velocity and high Poisson ratio observed in the fore-arc mantle of several subduction zones. However, Christensen [2004] suggests that these observations could also be caused by seismic anisotropy associated with deformed olivine aggregates or the presence of chlorite. Furthermore, seismic evidence for serpentinization is not observed in all subduction zones. Figure 9a shows results for models with D = 70 km. Figures 9b and 9c show results for models with D = 100 km. Heat flow observations are from the Honshu subduction system [Furukawa and Uyeda, 1989] .
show V p /V s ratios that are not consistent with extensive serpentinization in the fore arc. Seismic evidence for serpentine also tends to suggest serpentinization at depths less than 50 km, which is much shallower than where our calculations predict B-type fabric [Suyehiro et al., 1996; Fliedner and Klemperer, 1999; Kamiya and Kobayashi, 2000] . Direct evidence for subcrustal serpentinization comes from serpentine mud volcanoes and diapirs observed throughout the fore arc of the Izu-Bonin-Marianas system. These features occur at very shallow depth (10 km) and provide little information about serpentinization in the deep fore-arc mantle [Suyehiro et al., 1996] . Magnetotelluric studies have also been used to probe the fore-arc mantle for serpentine but the results are inconclusive [Soyer and Unsworth, 2006] .
[40] In this paper we take an important first step by incorporating the most up to date experimentally based wet olivine rheology that includes low-temperature exponential creep and experimental constraints on the B-C olivine fabric transition. By ''wet'' we are not referring to free water released by the slab but to hydrogen point defects within olivine that may be present in the mantle before subduction initiates [Hirth and Kohlstedt, 1996] . We argue that this is a reasonable end-member model given the uncertainty associated with fore-arc serpentinization. It is also important to note that our most realistic models, which have reasonable stresses and include shear heating, show a very large region with B-type conditions that is outside of the antigorite stability field. When the uncertainty of the B-C transition at 10 MPa stress is taken into account (700-900°C) the B-type region outside of the Antigorite stability field could be 30 km wider than predicted by or models.
[41] Serpentine may play an important role in fore-arc dynamics. For example, if pervasive serpentinization gives rise to sufficient weakening and strain localization in the slab-wedge interface then deformation in the core of the fore-arc mantle may be inhibited. However, the extent and distribution of serpentinite are poorly constrained. The lack of experimental data on the high-pressure ductile rheology of serpentinite and variably serpentinized peridotite makes investigating the role of serpentinite even more difficult. For example, we are aware of only one published stress-strainrate data point for ductile deformation of 90% serpentinized peridotite [Rayleigh and Paterson, 1965] . More experimental work is necessary in order to provide better constraints on geodynamic models. We present a possible end-member model where deformation in the fore-arc mantle is governed by an olivine rheology and leave the testing of the serpentinite end-member model for future studies that may have better available constraints.
Discussion and Conclusions
[42] The sensitivity tests presented in this work show that with the assumed olivine rheology, a small amount of viscous coupling produces a reasonable match with heat B-type fabric is stable in the fore-arc mantle when viscous flow is a small percentage of the total deformation (i.e., f < 5%) at the slab-wedge interface. The distance over which Btype conditions extend into the back arc is controlled by the depth at which the slab and mantle wedge become fully coupled (i.e., D) and the amount of viscous coupling f. For cases with D set to the maximum possible depth and moderate amounts of viscous coupling (e.g., Figure 7 ), a layer of B-type fabric is observed at the base of overriding plate in the arc mantle (Figures 11 -13 ). Our models do not include the addition of heat to this region via magma advection, which would probably produce temperatures that are too high for B-type fabric. Our models predict that the volcanic arc will approximately mark the maximum possible lateral extension of B-type fabric. Sufficient finite strain is predicted to accumulate in the core of the fore-arc mantle. The timescale of significant B-type fabric development ranges from 10 to 150 Myr depending on the magnitude of the velocity boundary condition along the aseismic creeping zone and the amount of shear heating. These timescales fall within the age of many subduction systems [Jarrard, 1986] . A summary of the main conclusions obtained from the calculations presented in this work is shown in Figure 15 .
[43] The shear stress necessary to generate a large region with B-type conditions at geologically significant strain rates has important implications for the B-type fabric hypothesis. This required shear stress can be used to test the validity of the B-type hypothesis by considering the strength of olivine aggregates, observational constraints on deviatoric stress, and slab dynamics.
[44] The maximum strength of olivine aggregates is limited by frictional failure strength at shallow depths and Figure 11 . Finite strain accumulation in the predicted B-type region for a case with D = 100 km, f = 1%, and S = 0 mW/m 2 /km. The grayscale denotes z ranging from 0 (black) to greater than or equal to 0.3 (gray). A value of z equal to or greater than 0.3 is required to generate a seismologically significant fabric. Particles outside of the B-type region are not shown. Particles are plotted as circles with a radius equal to 2.5 km. Figure 12 . As in Figure 10 , but now with f = 2%. fracture strength at depths greater than 10 km. Using these deformation processes as limits, the maximum sustainable shear stress in the fore-arc mantle is around 600 MPa [Kohlstedt et al., 1995] . Observational constraints come from coseismic stress drop (0.1 -30 MPa) [Scholz, 2002] and grain size piezometry (10 -400 MPa) [Twiss, 1977] . Coseismic stress drop provides a lower limit on the magnitude of deviatoric stress and is limited to seismogenic regions.
[45] Slab force balance provides constraints on the upper limit of viscous resistance. The total body force acting on a typical slab subducting through the transition zone is approximately 5 Â 10 13 N/m [Turcotte and Schubert, 2002] . Shear resistance along a 100 km aseismic creep zone with 500 MPa of resistive viscous stress produces a resistive force equal to 5 Â 10 13 N/m, a magnitude of force almost large enough to cause the cessation of subduction. Therefore viscous resistance acting on the subducting slab along the aseismic creep zone must be less than around 500 MPa.
[46] For the rheological model of Katayama and Karato (submitted manuscript, 2007) and without shear heating, the deviatoric stress necessary to generate viscous flow in the cold fore-arc mantle ranges from 300 to 600 MPa in the core of the fore-arc mantle to 900 MPa close to the slab (Figures 6d and 7d) . Shear stress ranging from 600 -900 MPa is beyond the upper limits of observational constraints, is greater than the strength of the material, and gives rise to problems with slab dynamics as discussed above. With S between 3 and 5 mW/m 2 /km most of the fore-arc mantle has B-type conditions and required shear stress ranges from 100 to 300 MPa for the experimentally based low-temperature parameters (e.g., Figure 10d ). These shear stresses are below the upper limits set by slab dynamics and are within the range of uncertainty associated with observational constraints.
[47] Lassak et al.
[2006] implement a more complicated description of fabric development, which includes intracrystalline slip and dynamic recrystallization, but with significantly more simplified rheological description. These models predict that a larger B-type region extending into the arc and back arc and z equal to 0.6 may be necessary to generate B-type fabric close to the trench. This is largely due the open nature of the fore-arc mantle in isoviscous Figure 13 . As in Figure 10 , but now with f = 3%. Figure 14 . As in Figure 10 , but now with f = 2%, and S = 5 mW/m models which requires the destruction of a strong preexisting fabric during fabric development in the B-type region. Our models show that B-type conditions occur in the forearc mantle when flow is slow and relatively isolated from the wedge core (e.g., Figures 6c and 7c) . With this scenario, a strong preexisting fabric does not necessarily have to be destroyed and B-type fabric development may require a smaller amount of strain.
[48] The pattern of shear-wave splitting predicted by Kneller et al. [2005] is supported by the improved models presented in this paper (Figures 1 and 15 ). This pattern involves trench-parallel fast directions close to the trench, a rotation across the volcanic front to trench-perpendicular fast directions in the back-arc mantle, and a maximum trenchparallel splitting time of 1 s (Figure 1 ). This predicted pattern of anisotropy adequately explains shear-wave splitting observations from Honshu [Nakajima and Hasegawa, 2004] , Southern Japan [Long and van der Hilst, 2005] , Ryukyu [Long and van der Hilst, 2005] , and Southern Kurile [Nakajima et al., 2006] subduction systems. The age of these subduction systems ranges from 50 to 160 Myr [Jarrard, 1986] . This range is within the range of time necessary for significant B-type fabric development (10 -150 Myr). Trench-parallel anisotropy from parts of the Andean [Anderson et al., 2004] subduction system may also be explained by the B-type fabric anisotropy hypothesis.
[49] Several subduction systems show patterns of anisotropy that are not predicted by our models. These include: (1) Tonga [Smith et al., 2001] and parts of the Andean system [Anderson et al., 2004] with trench-parallel anisotropy extending far into the back-arc mantle, (2) Cascadia [Currie et al., 2001 [Currie et al., , 2004 where fast directions appear to be dominantly trench-perpendicular in the fore-arc and arc mantle, (3) Kamchatka [Levin et al., 2004] with complex patterns of shear-wave splitting, and (4) Alaska [Christensen et al., 2003] where the pattern of shear-wave splitting is opposite from that predicted with 2-D flow and B-type fabric. This diversity of patterns of seismic anisotropy suggests that a variety of processes may play important roles. It is possible that serpentinization, 3-D flow processes, fabric within the slab, and/or melt networks [Holtzman et al., 2003] are affecting anisotropy in some subduction systems. Geodynamic modeling has yet to thoroughly investigate the dynamics of serpentinization in the fore-arc Figure 15 . Summary of model results. The best candidate region of the mantle wedge for B-type conditions with sufficient finite strain accumulation is in the central region of the fore-arc mantle (denoted by gray shading). The formation of this B-type region requires partial coupling between the slab and mantle wedge (denoted by a dashed line), which produces a fore-arc mantle with slow flow and heat transport dominated by conduction. Particles that slowly travel into the B-type region accumulate finite strain (z) greater than 0.3 in a narrow zone. Shear heating in the partially coupled zone is necessary to generate geologically significant deformation at realistic deviatoric stress. The depth of the transition from partial to full viscous coupling (brittle-ductile transition) controls the maximum lateral extend of the B-type fabric into the back arc. Our models predict that the volcanic arc will mark an abrupt transition from B-type fabric in the cold nose of the mantle wedge to C-type or other fabrics in the hot core of the wedge. The predicted pattern of shear-wave splitting consists of trench-parallel fast polarization in the fore-arc and trench-perpendicular in the back arc (see Figure 1) . The presence of serpentine may play an important role in controlling fabric development in the colder regions of the fore-arc mantle.
mantle and the influence of variable slab geometry and olivine rheology on fabric development in 3-D subduction zone models. These are subjects of future research.
Appendix A
[50] Here we describe the algorithm used to obtain steady-state numerical solutions to equations (2) -(4). This algorithm deals with the nonlinear exponential nature of the rheology and the addition of viscous dissipation to the heat equation. The quantities approximated via the solution of equations (2) - (4) are velocity u, temperature T, and pressure P. The second invariant of the strain rate tensor _ , which is calculated with derivatives of the velocity field, viscosity h, viscous dissipation q dissi , and shear stress s are quantities used in the description of the algorithm. The algorithm is summarized as follows: Spin up 1: u new is obtained by solving equation (2) with isoviscous rheology 2: equation (4) is solved with u new and without the viscous dissipation term to obtain T new 3: h is defined by equation (17) and u new is obtained by solving equation (2); _ e is calculated Main Loop: until convergence is reached (convergence criterion 10 À5 ) 4: T old is set equal to T new Subloop: until convergence is reached (convergence criterion 10 À3 ) 5: u old is set equal to u new 6: s and h are obtained by solving equation (6) using _ and equation (21) 7: u new is obtained by solving equation (2) with h End Subloop 8: q dissi is calculated with equation (5) using s and _ 9: equation (4) is solved using u new and q dissi 10: relaxation is applied; T new = 0.5(T new + T old ) and u new = 0.5(u new + u old ) End Main Loop
